decrease in the amplitude of the parallel fiber EPSC was that Purkinje cell depolarization leads to a suppression of IPSCs in both the depolarized cell and its neighbor. observed in both the depolarized Purkinje cell (reduced to 5% Ϯ 1% of control, n ϭ 4) and its neighbor (58% Ϯ These authors found that the spread of suppression to neighboring cells was blocked by TTX, and we have 10% of control, n ϭ 4). However, at 34ЊC, the same protocol resulted in a suppression of the depolarized confirmed these findings for our experimental conditions. In the presence of TTX, mIPSCs were suppressed cell (reduced to 14% Ϯ 6% of control, n ϭ 3), but almost no suppression of the neighboring cell (91% Ϯ 7% of in the depolarized cell to 64% Ϯ 5% of control (n ϭ 6) and in neighboring cells, to 92% Ϯ 4% of control (n ϭ control, n ϭ 3) ( Figure 1A ). These results suggest that at physiological temperatures, the diffusion of endocan-6). One possible explanation for the reduced spread in the presence of TTX is that a reduction in interneuron nabinoids is spatially restricted. This may reflect the enhanced uptake of cannabinoids at physiological temfiring contributes to the spread of endocannabinoid suppression in control conditions. This is consistent with the peratures.
Similar experiments were performed while monitoring close proximity of the interneuron soma and dendrites to Purkinje cell dendrites, in contrast to granule cell sospontaneous inhibitory postsynaptic currents (sIPSCs), which arise mainly from the firing of inhibitory interneumata, which are many hundreds of microns away from the Purkinje cell dendrites they contact (Palay and Chanrons in the slice. At 24ЊC, inhibitory synaptic charge was suppressed in both the depolarized cell (reduced to Palay, 1974). We therefore characterized the mechanism responsi-46% Ϯ 4% of control, n ϭ 10) and the neighbor (77% Ϯ 3% of control, n ϭ 10). At 34ЊC, the same protocol led ble for the spread of endocannabinoid signaling at inhibitory synapses. Based on the similarity of the spread at to a suppression of the depolarized cell (reduced to 31% Ϯ 5% of control, n ϭ 4) and its neighbor (64% Ϯ 24ЊC and 34ЊC for inhibitory synapses, it is likely that the mechanisms mediating spread at room temperature 6% of control, n ϭ 4) ( Figure 1B) , in contrast to the results at excitatory synapses. These findings indicate and at physiological temperatures are the same. Therefore, subsequent experiments were conducted at 24ЊC that at 34ЊC, the spread of endocannabinoid signaling is very different for synapses arising from interneurons in order to take advantage of improved stability relative to recordings at near-physiological temperatures. and granule cells.
Together these findings indicate that the spread of endocannabinoid signaling at inhibitory synapses re-
Determinants of Purkinje Cell-Interneuron Signaling
We performed whole-cell recordings from Purkinje cells sults from a mechanism that is not present at parallel fiber synapses. Further support for an additional mechaand simultaneous cell-attached recordings from interneurons to examine the mechanisms of endocannabinoid nism of spread at inhibitory synapses comes from earlier work by Vincent and Marty (1993), who demonstrated signaling at inhibitory synapses (Figures 2-4) . Cerebellar in the interneuron. This allowed us to distinguish between the IPSCs produced by that interneuron from those produced by the many other interneurons contacting the Purkinje cell. Aligned traces for a connected interneuron-Purkinje cell pair are shown for control conditions (Figure 2A , top) and following Purkinje cell depolarization (Figure 2A, bottom) . The spike-triggered averages ( Figure 2B ) show that Purkinje cell depolarization reduced this synaptic connection to 19% of control. Of the 46 pairs examined, 21 were connected with a mean IPSC amplitude ranging from 6 to 140 pA. InterneuronPurkinje cell pairs with spike-triggered averages Ͻ5 pA were considered to be unconnected. For the connected interneuron-Purkinje cell pairs, average synaptic currents were reduced to 45% Ϯ 5% control (n ϭ 21) after Purkinje cell depolarization ( Figure 2C ), which is consistent with the previously described inhibition of presynaptic calcium entry by cannabinoids at this synapse (Diana et al., 2002) . Depolarization suppressed every interneuron-Purkinje cell connection (range 17% to 82% of control), suggesting that most, if not all, cerebellar interneurons in the molecular layer have CB1 receptors located on their presynaptic terminals. We also examined the effect of Purkinje cell depolarization on interneuron firing. For our recording conditions, interneurons fired spontaneously between 0.5 and 25 Hz, with a mean firing rate of 3.5 Ϯ 0.7 Hz (n ϭ 46). Purkinje cell depolarization reduced interneuron firing rates significantly (p Ͻ 0.01, two sample t test) in 11 of 22 interneurons within 100 m of the depolarized Purkinje cell body (as shown for one interneuron in Figure  3B ). Bath application of AM251 (5 M) prevented this decrease in firing rate ( Figure 3C ), suggesting that it is mediated by endocannabinoids. In 4/4 cells tested in which Purkinje cell depolarization inhibited firing (61% Ϯ Figure 5A ). This elevation in firing rate suggests interneuron that we recorded from, WIN reduced firing that there may be some basal inhibition of interneuron to 0%-71% of control (n ϭ 13), suggesting that the firing firing due to activity of CB1 receptors in the slice. rate of all interneurons is sensitive to cannabinoids. In Similar experiments were performed using whole-cell these experiments, bicuculline (20 M) was included in current-clamp recordings ( Figure 5B ). Bath application the bath to reduce firing variability. During cell-attached of WIN reduced spontaneous firing rates to 32% Ϯ 11% recordings from interneurons, application of WIN reof control (n ϭ 4). This inhibition is larger than that obduced firing frequency to 60% Ϯ 7% of control (n ϭ 6) served in cell-attached recordings, and may arise from ( Figure 5A ). In additional cell-attached recordings perdialysis of the cell during whole-cell recordings. Applicaformed in the presence of NBQX (10 M), CPP (5 M), tion of AM251 reversed inhibition by WIN and increased LY341495 (100 M), and CGP55845 (2 M), WIN reduced firing rates to 157% Ϯ 27% of control (n ϭ 3), similar to the cell-attached recordings. the firing rate to a similar extent (46% Ϯ 8% of control, was activated by WIN, with a reversal potential more negative than Ϫ60 mV. This implicated a potassium conductance (E K ϭ Ϫ100 mV) since chloride (E Cl ϭ Ϫ57 mV), sodium (E Na ϭ 68 mV), and calcium (E Ca ϭ 130 mV) conductances all reverse positive to Ϫ60 mV in our recording conditions. Similar effects of WIN were observed when a high-chloride internal was used with an E Cl of 0 mV and TTX (1 M) was included in the bath saline ( Figure 6B ) (⌬I hold : 1.98 Ϯ 0.49 pA; ⌬g: 102 Ϯ 24 pS; n ϭ 4). This suggests that WIN does not activate a Cl Ϫ conductance. When an internal solution was used in which K ϩ was replaced with Cs ϩ and TEA to block K ϩ channels, WIN had no significant effect on holding current (Ϫ0.01 Ϯ 0.02 pA, n ϭ 4) or membrane conductance (Ϫ9.5 Ϯ 6.9 pS, n ϭ 4). This indicates that activation of CB1 receptors opens a potassium conductance in these inhibitory interneurons.
Previous Rapidly inactivating A type K ϩ channels can also be modulated by CB1 receptor activation (Deadwyler et al., 1993 (Deadwyler et al., , 1995 , and we tested this hypothesis in cerebellar interneurons. These channels are blocked by 4-AP, although this is a not a very selective antagonist and the A type channels are not a homogeneous population (Hille, 2001 ). In the presence of 1 mM 4-AP, the effect of WIN on holding current (0.42 Ϯ 0.14 pA, n ϭ 7) and membrane conductance (⌬g: 16 Ϯ 16 pS; n ϭ 7) was reduced, but the effect of WIN relative to AM251 was similar to control conditions (0.94 Ϯ 0.33 pA; 71 Ϯ 25 ductance on interneuron firing. A conductance of varying amplitude with a reversal potential at E K (Ϫ100 mV) was added, while the firing rate of interneurons was To determine whether cannabinoids activate a conmonitored ( Figures 6C and 6D) . The addition of a 50 pS ductance that underlies the inhibition of firing, we apsimulated potassium conductance reduced firing rates plied WIN during whole-cell voltage-clamp recordings by over 50%, while conductances larger than 100 pS from interneurons ( Figure 6A) . At a holding potential shut down firing almost entirely ( Figures 6C and 6D) . of Ϫ60 mV, bath application of WIN resulted in a positive
The sensitivity of these neurons to small currents arises shift in the holding current (I hold ) ( Figure 6B, left) (1.25 Ϯ from their extremely high input resistance (4.6 Ϯ 1.2 G⍀, 0.28 pA, n ϭ 9) that was accompanied by an increase n ϭ 9). Therefore, the small potassium conductance in membrane conductance ( Figure 6B, right) (81 Ϯ 26 produced by activation of CB1 receptors is of sufficient magnitude to inhibit firing in cerebellar interneurons. pS, n ϭ 9). These results indicate that an outward current 
Discussion
our hypothesis that firing inhibition provides the primary means for cannabinoids to exert widespread effects on inhibitory neurotransmission. In addition, these results We describe an additional mechanism for endocannabinoid action that greatly extends the distances over suggest that the direct presynaptic actions of endocannabinoids are more spatially restricted than is the spread which they signal. Previously, studies of endocannabinoids in synaptic transmission have focused on their of DSI, which is consistent with a limited diffusion of these lipophilic signaling molecules. direct actions at presynaptic terminals, where they inhibit IPSCs through calcium channel modulation (Kreitzer This would lead to inhibition of many more interneurons and significant widespread effects. Furthermore, at 34ЊC, Purkinje cell depolarization resulted in a reduction of IPSCs in the neighboring cell that was even larger than that observed at 24ЊC (Figure 1) , indicating that at physiological temperatures, cannabinoid uptake and degradation does not prevent the spread of endocannabinoids to nearby interneurons. These results suggest that inhibition of interneuron firing by endocannabinoids is likely to occur under physiological conditions. The firing of cerebellar interneurons is sensitive to small conductance changes. Our results suggest that endoof individual interneurons relative to Purkinje cell dendrites contributes to this variability in firing inhibition. cannabinoids inhibit interneuron firing by activating a conductance of less than 100 pS that reverses at potenAn important issue that we did not directly examine is whether inhibition of firing by endocannabinoids occurs tials more negative than Ϫ60 mV. Assuming a single channel conductance of 10 pS, this corresponds to under physiological conditions. Our experiments were focused on mechanisms of endocannabinoid signaling fewer than ten open channels. Based on the reversal potential, and the sensitivity to intracellular K ϩ channel and were conducted using voltage clamp, primarily at 24ЊC, using long postsynaptic depolarizations that were blockers, the conductance change produced by cannabinoid receptor agonists likely reflects the opening of designed to evoke maximal endocannabinoid release 
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